A transient three dimensional numerical model of the heat transfer and fluid flow of a windowed fluidized bed reactor for solar thermochemical conversions is formulated and solved using discrete element method coupled to computational fluid dynamics. Radiation transfer equation is solved by discrete ordinate radiation model and the particle collision dynamics is solved by spring-dashpot model based on soft-sphere method. The instantaneous granular flow behavior of the irradiated bed is presented along with the incident radiation and particle size distribution. The results indicate that as time progresses the average velocity of the particle increases due to high temperature and bed expansion effect.
INTRODUCTION
The two-step water splitting of redox materials is one of the promising processes for converting concentrated solar high-temperature heat into syngas in sun-belt regions [1] [2] . Nakamura [3] initially proposed a two-step water-splitting cycle by a redox pair of Fe3O4/FeO, and conducted a thermodynamic analysis. As this redox pair required high reduction temperature, mixed solution of Fe3O4/FeO and M3O4/MO was tested to reduce the reduction temperature [4] . In recent years, non-stoichiometric cerium oxides have emerged as highly attractive redox materials due to its high melting temperature, fast oxygen-ion transport and high oxidation rates. Recently, various fluidized bed reactors have been developed and tested at Niigata University, Japan, for two-step thermochemical water splitting cycles and coal coke gasification using Xe light solar simulator [2] . The hydrodynamic behavior of the gas-solid flow plays a vital role on the performance of the fluidized bed reactors. The flow characteristics of the bed can be obtained by some experimental techniques such as particle image velocimetry, digital image analysis, and etc. However, it is pretty challenging to use these equipments in our experiments due to high temperature and radiation fluxes. Numerical modeling is one of the appropriate methods to obtain a fair insight of heat transfer and fluid flow of the gas-solid flow behavior [5] [6] [7] . Thus, various Lagrangian-Eulerian and Eulerian-Eulerian numerical models were developed to study the fluidized bed flows. In Lagrangian-Eulerian method, the fluid phase is treated as continuum and solved using computational fluid dynamics (CFD) approach while the particles are tracked individually in space and time by using discrete element method (DEM).
Although several CFD-DEM studies were performed on fluidized bed rectors, only a few studies were conducted at high temperature ranges (> 600 K) for solar thermal applications [6] [7] [8] [9] [10] . A laboratory scale solar particle receiver was developed at the National Renewable Energy Laboratory for use in concentrating solar power plants [8] . The prototype consisting of enclosed arrays of hexagonal heat transfer tubes. Simulations were performed for different geometric configurations, hexagon apex angles, particle sizes and mass flow rates, and reported that the heat transfer strongly depends on the particle size and at higher solid mass flow rates, more particles contact the heat transfer surfaces and the overall heat transfer increases. Early designs of particle heating receivers (PHR) utilize a falling curtain of particles which directly absorbs the concentrated solar radiation. Since the falling curtain receivers have several disadvantages including significant heat and particle losses and short residence time within the irradiation zone, the so called "impeded flow PHR design" was proposed to overcomes these challenges, in which the particles flow through a series of obstacles in the flow path. Hence, it reduces heat loss, particle loss and average velocity of the particles, thereby increasing their residence time in the irradiation zone of the receiver. Since the particulate flows through complex structures are not well understood, a numerical model was developed by Sandlin et al. [9] to better understand these flows. Recently, we have developed a model to investigate the granular flow and heat transfer characteristics of a two-tower fluidized bed reactor, which consisted of two rectangular chambers placed side by side and connected by two interaction ports [10] . The large tower in the left hand side was irradiated by solar radiation and the heated particles were moved to the small tower through top interaction port by drag force of gas stream. This reactor can be simultaneously used as particle receiver (large tower) and storage system (small tower). Then, flow and heat transfer analysis of 5kWth spouted fluidized bed reactor, consisting of two separate inlets (spout and annulus) to create circulating fluidized bed, was studied [6] [7] . The influence of spout and annulus gas flow rate [6] and particle size [7] on the solid-gas flow and heat transfer characteristics of the reactor was studied. In this study, the granular flow and heat transfer characteristics of the 30 kWth prototype fluidized bed reactor has been investigated and the interaction of concentrated radiation with the fluidized bed has been presented as a function of time. 
NUMERICAL MODEL
The fluid flow of the gas-phase is simulated from the volume-averaged Navier-Stokes equations whereas the motion of every individual particle is tracked by Newton's second law. To predict the thermo-fluid flow, the conservation of mass, momentum and energy equations of the gas phase are formulated as follows;
where rf , af, ,⃗ % , g, p, ̿ % , kf,eff , Cp,f and Tf are density, volume fraction, velocity, acceleration due to gravity, pressure, stress-strain tensor, effective thermal conductivity, specific heat and temperature of the gas phase respectively. In this model, the moving particles are considered as moving mass points and the fluid flow details around the particles, such as boundary layers, vortex shedding, are neglected. Discrete ordinates (DO) radiation model has been used to solve the following radiative transfer equation. A detailed description of the governing equations and particle-particle interactions can be found in e.g. [6, [10] [11] .
The Schematic and computational geometry of the reactor is shown in FIGURE 1. The reactor consisted of a cylindrical (0.16 m diameter and 0.175 m height) and a frustum shape (0.195 m height) chambers. The reactor was closed by 0.38 m diameter quarts window on the top of the frustum chamber. The outer part of the cylindrical reaction chamber contained an annular electric heater to pre-heat the bed. In order to avoid heat losses, the reactor was insulated and then covered by a stainless steel outer chamber. The temperature dependent thermo-physical properties of the N2 gas were obtained from ref. [6] and the particle properties are given in TABLE 1. The spring stiffness, restitution coefficient and friction coefficient were obtained from the experimental results and literature [12] . Boundary conditions are given in In TABLE 2, s , e, n are Stefan-Boltzmann constant, emissivity and refractive index respectively. To solve the radiative transfer equation, walls and particles are assumed as gray and diffuse. The net radiative flux from the walls is computed as a sum of the reflected portion of incident radiation and the emissive power of the surface. At walls, the radiation intensity for all outgoing directions is qrad/p. At semi-transparent wall, the irradiation beam (qirrad) is applied by the magnitude, beam direction and beam width based on the experimental measurements. The external heat transfer coefficient, hext, is calculated based on the thermal resistance caused by the insulation layer [13] . The net radiative heat flux at the inlet and outlet is computed in the same manner as at walls by assuming the emissivity= 1.0 (black body absorption). The control volume technique has been used to solve the governing equations.
To validate the flow behavior of the model, recently a transparent two tower fluidized bed reactor was developed. The reactor consisted of two rectangular chambers placed side by side and connected by couple of interaction ports. Each chamber was filled with different color of powder to obtain the particulate flow pattern between the two towers. Since the superficial gas velocity of the left tower was higher than the right tower, the particles circulation pattern was occurred in clockwise direction. Simulation was performed for the same operating conditions and the predicted particulate flow pattern was comparable with experimental results [5] . Then the developed model was applied to predict the heat transfer characteristics of the fluidized bed reactor and a fair agreement was found between the experimental and numerical results [7] .
RESULTS AND DISCUSSION
Since the main purpose of this investigation was to analyze the thermal performance of the bed, chemically inert particles were considered. About 3.3 kg of powder, with particle size from 100 µm to 300 µm, was filled. The size distribution was defined by the mass fraction of 0.05 for every 10 µm interval. The bed was preheated by an annular electric heater up to 973 K. Then, the bed was fluidized by N2 gas at 25 L/min flow rate and irradiated by concentrated radiation (19 kWth) using 13 xenon arc lamps. However, the irradiation power can be increased up to 30 kWth using 19 Xenon arc lamps [2] . The incident concentrated radiation covers the focal plane about 0.2 m diameter. FIGURE 2 shows the three dimensional temperature distribution of the discrete phase particle along with the incident radiation at different instants.
In each figure, the legends in the left and right hand sides respectively represent the temperature of the discrete phase and incident radiation respectively. Since the porosity of the gas distributor at the bottom of the reaction chamber decreases along the radial direction, it creates Gaussian like velocity distribution. The higher velocity gas at the central axis region creates bubbling fluidization and drag the particles in the central axis region to the top of the bed and creates "fountain core". Then the sprayed particles move to the fountain periphery due to the relatively lower velocity and drag force and then move to the inlet through annulus. As the top surface of the fountain is continuously irradiated, as can be seen in the figure, the fountain core particles are heated up, concurrently the incident radiation is scattered by the fountain region particles. The scatted radiation is diffused throughout the bed and part of the incident radiation is reflected back. Although the top part of the bed is heated up, the carrier gas at atmospheric temperature is entered through the inlet and extracted the heat from the particles, right from the inlet to the fountain, and transferred the heat to the frustum part and left through the outlets. So, the maximum temperature difference is found between the fountain and inlet.
TABLE 2. Boundary conditions

Section
Velocity ,,⃗ Temperature Radiation
Outlet ,⃗ % = 0 = 0 Black body FIGURE 3. Instantaneous temperature distribution of the particle phase at the central axis.
FIGURE 3
shows the instantaneous temperature distribution of the particle phase at the central axis. As the fluidization rate is adequate, the temperature gradient of the bed is small. Despite the particles close to the inlet are cooled down by the carrier gas, the temperature of the bed is increased due to continuous irradiation with fluidization. At high temperature, the density of the gas decreases and subsequently the velocity of the gas increases and expands the bed. Hence, the higher bed porosity enhances the diffusion rate of the scattered radiation at the fountain core. Furthermore, the high temperature particles also emit significant amount of radiation. The cumulative diffused radiation can be apparently seen at t= 360 s of FIGURE 2. FIGURE 4 shows the particle size distribution at different instants, at 1, 180 and 360 s. It can be noted that, initially the particle size distribution is random but after few rounds of fluidization, the large size particles are segregated close to the bottom inlet region due to gravitational force. Since the gas velocity at the inlet-central axis (drag force) is adequate to transport the segregated large size particles close to inlet, the particles are moved over the central axis spout jet region. Thus, the top fountain and annulus parts of the bed predominantly governed by the small size particles, which could enhance the heat transfer rate due to the larger surface area to volume ratio. shows the average temperature and velocity of the particles as a function of time along with the average wall temperature and total energy stored in the bed. As expected, the average temperature of the bed gradually increases due to continuous irradiation with fluidization. Hence, the gas velocity increases, subsequently, the average particle velocity also increases as time progresses. As can be seen in the FIGURE 5, the average wall temperature is a function of bed temperature. Since the top semi-transparent wall is cooled down by convection, the average temperature of the frustum wall is significantly lower than the cylinder wall temperature. For 7 minutes of irradiation, about 0.206 kWh energy is stored in the bed.
SUMMARY
A transient numerical model has been developed, by coupling the discrete element method, computational fluid dynamics and discrete ordinate radiation models, to predict the particulate flow and heat transfer features of a fluidized bed reactor for solar thermochemical applications. The performance of the 30 kWth reactor prototype has been studied using the chemically inert Geldart D type particles. Using the developed model, the fundamental granular flow characteristics can be obtained to enhance the design of the reactor.
